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Si,  when  compared  to  conventional  graphite,  offers  an  order-of-magnitude  improvement  as  a  high  ca¬ 
pacity  anode  material  for  Li-ion  batteries.  Despite  significant  advances  in  nanostructured  Si-based  an¬ 
odes,  the  formation  of  stable  Si  anodes  remains  a  challenge,  due  to  the  significant  volume  changes  that 
occur  during  lithiation  and  delithiation.  Si/graphene  composites,  with  graphene  sheets  and  Si  nano¬ 
particles  bound  in  a  dispersion  obtained  by  a  self-assembly  technique  using  non-covalent  electrostatic 
attraction  (following  thermal  processing  to  remove  residual  organic  material)  are  used  to  prepare  Si- 
based  anodes  for  use  in  Li-ion  batteries.  A  mesoporous  structure,  obtained  by  further  thermal  process¬ 
ing  is  able  to  accommodate  large  Si  nanoparticle  volume  changes  during  cycling,  thereby  facilitating  Li- 
ion  diffusion  within  the  electrode.  Morphological  analysis  showed  that  Si  nanoparticles  are  homoge¬ 
neously  distributed  on  the  graphene  sheets,  which  is  thought  to  account  for  the  excellent  electro¬ 
chemical  performance  of  the  resulting  Si/graphene  composite.  A  composite  containing  Si  67.3  wt% 
exhibits  a  greatly  improved  capacity  and  cycling  stability  in  comparison  with  bare  Si  in  combination  with 
the  thermal  reduction  of  a  simple  mixture  of  graphene  oxide  and  Si  nanoparticles  without  electrostatic 
attraction  (Si  content  =  64.6  wt%;  capacity  of  512  mAh  g-1  in  40th  cycle). 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

To  meet  the  demands  imposed  by  the  rapid  development  of 
portable  electric  devices  and  electrical  vehicles,  new  anode  ma¬ 
terials  with  high  capacities  and  long  cycle  performances  for  Li- 
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ion  batteries  are  being  sought  [1,2].  Among  the  potential 
anodic  materials,  Si  is  currently  the  most  promising,  owing  to  its 
high  natural  abundance,  low  discharge  potential,  and  high 
theoretical  charge  capacity  (i.e.,  4200  mAh  g-1),  which  is  ten 
times  higher  than  that  of  graphite  (372  mAh  g-1)  [3-6].  How¬ 
ever,  there  are  huge  volume  changes  (up  to  270%  for  the  Li3.7sSi 
phase)  with  consequent  Si  electrode  isolation,  during  lithiation 
and  delithiation,  that  can  lead  to  the  degradation  of  Si 
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nanoparticles  and  rapid  capacity  fading  [7-9].  Tremendous  ef¬ 
forts  have  been  made  to  overcome  these  issues  and  improve  the 
overall  electrochemical  performance  of  Si  anodes  by:  decreasing 
Si  particle  sizes  [4,10],  dispersing  the  Si  particles  into  a  con¬ 
ducting  matrix  [11,12],  and  using  special  binders  or  conductive 
additives  [13,14].  Using  carbonaceous  materials,  such  as  amor¬ 
phous  carbon  [15],  carbon  nanotubes  16,17],  carbon  nanofibers 
[18,19],  graphite  [20]  not  only  restricts  the  large  volume  changes 
in  Si,  thereby  helping  to  maintain  electrode  integrity,  but  also 
enhances  electrical  conductivity. 

Graphene,  which  comprises  a  one-atom-thick  two-dimensional 
honeycomb  carbon  lattice,  has  attracted  increasing  attention  in 
recent  years,  mainly  due  to  its:  superior  thermal  and  electrical 
conductivity,  excellent  mechanical  properties,  large  specific  surface 
area,  and  low  cost  [21-23  .  The  use  of  graphene  has  been  explored 
for  various  applications  such  as:  electronic  and  energy  storage 
devices  [24,25],  sensors  [26,27],  transparent  electrodes  [28],  and 
composites  [29-31].  The  combination  of  their  extraordinary 
inherent  physical  properties,  combined  with  their  ability  to  be  used 
as  a  conducting  and  buffering  matrix  in  Si  anodes  has  led  to  im¬ 
provements  in  reversible  capacity,  cyclability  and  the  rate  capa¬ 
bility  of  Li-ion  batteries’  electrodes  [32].  However,  Si  nanoparticles 
are  difficult  to  homogeneously  disperse  within  graphene  layers  by 
simple  mechanical  blending  32,33  ,  or  by  filtration-directed  as¬ 
sembly  approaches  [34,35],  which  usually  result  in  the  kinetic 
fading  of  the  electrodes,  due  to  the  aggregation  of  the  Si  nano¬ 
particles  and  stacking  of  the  graphene  sheets.  This  problem  is  a  key 
issue  that  needs  to  be  addressed  in  order  for  a  composite  to  exhibit 
a  good  performance. 

In  order  to  maintain  good  structural  stability  and  electron 
conduction  during  charging  and  discharging,  the  design  of  the  Si 
nanoparticles/graphene  composite  needs  to  be  considered. 
Recently,  the  covalent  anchoring  of  Si  nanoparticles  onto  the  sur¬ 
face  of  carbon  materials  (graphite,  carbon  nanotube  and  graphene) 
has  proved  to  be  an  effective  method  to  prevent  the  aggregation  of 
the  Si  nanoparticles  and  stacking  of  the  carbon  materials.  These 
approaches  have  succeeded  in  improving  the  electronic  conduction 
and  structural  stability  of  a  Si  negative  electrode  for  lithium  ion 
batteries.  Strong  interaction  between  the  Si  nanoparticles  and 
graphene  sheets  in  Si/graphene  (Si/G)  composite  is  a  key  issue  to 
the  development  of  anode  material  with  high  electrochemical 
performance  for  lithium  batteries.  However,  the  self-linkage  of  Si 
nanoparticles  and  graphene  sheets  is  difficult  to  avoid  making  it 


difficult  to  control  the  graphene  sheet  to  Si  nanoparticle  grafting 
ratio.  Non-covalent  bonding  offers  several  novel  strategies  for 
materials  design,  because  non-covalent  bonding  is  inherently 
reversible,  highly  tunable,  avoids  potential  side  reactions,  and 
provides  unlimited  processability  [36].  In  this  study,  a  novel  Si/G 
composite  was  fabricated  by  non-covalent  anchoring  of  Si  nano¬ 
particles  onto  the  surface  of  graphene  sheets  by  electrostatic 
attraction  followed  by  thermal  processing  to  generate  nanospaces 
surrounding  the  Si  nanoparticles,  thereby  forming  a  mesoporous 
structure  (Fig.  1).  The  presence  of  non-covalent  linkages  prevents 
the  aggregation  of  Si  nanoparticles  and  guarantees  their  uniform 
insertion  into  the  graphene  layers  without  any  Si  nanoparticle  to  Si 
nanoparticle,  or  graphene  nanosheet  to  graphene  nanosheet  self¬ 
linkage  (due  to  the  negative  charges  on  the  Si  nanoparticles  and 
the  positive  charges  on  the  graphene  nanosheets  guaranteeing 
mutual  repulsion).  In  addition,  the  mesoporous  structure  of  the  Si/ 
G  composite  allows  for  the  free  expansion  and  contraction  of  Si 
nanoparticles,  during  lithiation  and  delithiation,  without  mechan¬ 
ical  constraint  or  tension.  To  complete  fabrication  of  Si/G  composite 
includes  two  points:  (1)  the  Si  nanoparticles  and  graphene  sheets 
modified  with  opposite  surface  charge  to  allow  the  formation  non- 
covalent  bond  through  electrostatic  attraction;  and,  (2)  the  organic 
materials  (including  polymer)  surrounding  Si  nanoparticle  leave 
sufficient  empty  space  after  thermal  process  providing  an  elastic 
buffer  to  accommodate  the  volume  variation  of  Si  nanoparticles 
during  Li  alloying  and  dealloying  processes.  The  resulting  Si/G  (Si/G 
3/1)  composite  delivers  a  reversible  capacity  of  803  mAh  g-1  in  the 
100th  cycle  and  a  high  capacity  retention  (>75%)  before  100  cycles 
with  a  high  rate  capability.  These  important  issues  are  highlighted 
by  comparing  the  composite  electrodes’  performance  to  that  found 
with  a  thermally  reduced  mixture  simply  comprising  graphene 
oxide  (GO)  and  Si  nanoparticles  without  any  electrostatic  attraction 
[Si/reduced  grapheme  oxide  (RGO)].  We  believe  this  technique  can 
be  applied  to  other  carbon  conductive  additives  together  with  Si  or 
other  nanosized  active  compounds. 

2.  Experimental  section 

2.1.  Preparation  of  negatively  charged  Si  (Si—COOH)  and  positive 
charged  graphene  [graphene-modified  protic  ionic  liquid  (G-PIL)] 

Si  nanoparticles  were  pre-treated  with  a  HF  (4%)  solution  under 
a  nitrogen  atmosphere  for  hydrogen  passivation  in  accordance  with 


Fig.  1.  Fabrication  of  Si/G  composites:  (a)  negatively  charged  Si  nanoparticles,  modified  with  4-aminobenzyl  acid,  (b)  positively  charged  graphene  nanosheets,  modified  with  PIL,  (c) 
Self-assembly  between  Si-COOH  and  G-PIL  mediated  by  electrostatic  attraction,  (d)  Thermal  processes  leave  empty  spaces  between  the  Si  nanoparticles  and  the  graphene 
nanosheets. 
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a  previously  published  study  [5,16].  Si  nanoparticles  (50  mg)  and 
amino  benzoyl  acid  (1  g)  were  dispersed  in  CH3CN  (20  mL)  by 
ultrasonication,  then  iso-amyl  nitrite  (5  mmol)  was  added  to  the 
mixture  with  stirring.  After  reaction  for  4  h  at  ambient  tempera¬ 
ture,  the  mixture  was  filtered,  and  then  successively  washed  with 
water  and  ethanol.  The  resulting  powder  was  dried  under  vacuum 
at  ambient  temperature  overnight.  The  preparation  of  G-PIL  by 
reduction  of  graphene  and  PIL  mixing  solution  was  similar  to  that 
reported  in  our  previous  study  30]. 

2.2.  Preparation  ofSi/G  and  Si/RGO  composites 

The  Si-COOH  and  G-PIL  were  separately  dispersed  in  water 
(concentration  of  1  mg  mL-1)  by  sonication.  Then,  the  Si— 
COOH/G-PIL  composites  with  different  components  of  Si-COOH 
and  G-PIL  (Si-COOH/G-PIL  =  3/1,  2/1,  1/1,  1/2;  Table  1)  were 
prepared  by  slowly  introducing  the  G-PIL  dispersion  into  the 
Si— COOH  dispersion  to  make  the  positively  charged  uniformly 
assemble  of  G-PIL  coalesce  with  the  negatively  charged  Si- 
COOH  through  electrostatic  attraction.  The  aqueous  dispersion 
was  freeze-dried  and  following  thermal  processing  at  500  °C, 
for  1  h,  under  a  nitrogen  atmosphere,  Si/G  composites  were 
obtained.  A  control  sample  of  Si/RGO  composite  was  prepared 
using  a  similar  procedure  by  replacing  Si— COOH  with  pristine  Si 
nanoparticles  and  G-PIL  with  GO  (weight  ratio  of  Si  to 
GO  =  3:2). 

2.3.  TGA  analysis  and  theoretical  calculations 

Thermogravimetric  analyses  (TGA)  were  undertaken  using  a 
Q50  instrument.  The  temperature  scan  was  ramped  between  50 
and  700  °C,  at  a  rate  of  10  °C  min-1,  under  nitrogen  for  Si-COOH,  G- 
PIL,  PIL  and  the  Si-COOH/G-PIL  composite  (Fig.  SI):  and  under  air 
for  Si/RGO  and  all  Si/G  composites,  Fig.  S2.  The  weight  percentage  of 
Si  present  in  the  Si/G  composites  was  calculated  by  the  following 
equation: 

Wc  =  Ws[  x  WG  +  WG  x  (1  -Xsi)  (1) 

Where:  WSi,  WG  and  the  Wc  are  the  residual  weight  percentages  of 
Si  ( WSi  =  108.8  wt%),  G  (graphene  from  G-PIL;  G  =  16.8  wt%)  and  the 
Si/G  composite  at  700  °C  and  XSi  is  the  content  of  Si  in  the  Si/G 
composite  (graphene  from  GO;  G  =  8.4  wt%  for  calculation  of  Si 
content  in  Si/RGO  composite). 

2.4.  Electrochemical  measurements 

The  preparation  of  the  Si/G  and  Si/RGO  electrodes  was  carried 
out  by  mixing  Si/G  (or  Si/RGO)  powder,  carbon  black  and  sodium 
carboxymethyl  cellulose  (CMC)  at  a  weight  ratio  of  5:3:2  in 
deionized  water,  as  the  solvent,  to  form  a  homogeneous  slurry  and 


Table  1 

The  Si  and  graphene  content  in  the  Si/G  and  the  Si/RGO  composites. 


Sample 

Feeding  ratio  (wt%) 

Calculated  ratio  (wt 

%)a 

Si-COOH 

G-PIL 

Si 

Graphene 

Si/G  3/1 

75.0 

25.0 

67.3 

32.7 

Si/G  2/1 

66.7 

33.3 

61.6 

38.4 

Si/G  1/1 

50.0 

50.0 

44.6 

55.4 

Si/G  1/2 

33.3 

66.7 

24.7 

75.3 

Si/RGO  3/2 

60  (pristine  Si) 

40 (GO) 

64.6 

35.4 

a  Calculated  from  TGA. 


then  pasting  the  mixture  onto  Cu  foils  (18  pm  in  thickness).  The 
electrodes  were  dried  at  70  °C  for  12  h  and  then  pressed  at  10  MPa. 
The  electrode  has  a  thickness  from  about  40  pm  to  about  50  pm  and 
loaded  at  about  1.5  mg-2.0  mg.  The  CR2016  coin  cells  were  then 
assembled  in  an  argon-filled  glove  box  using  Li  metal  as  the  anode, 
Celgard  2600  as  the  separator,  and  1  M  LiPF6  [dissolved  in  ethylene 
carbonate  (EC)  and  diethyl  carbonate  (DEC)  with  a  1 :1  vol.  ratio]  as 
the  electrolyte.  The  Si/G  electrode’s  electrochemical  performance 
was  evaluated  by  galvanostatic  discharge-charge  measurement 
using  a  computer-controlled  battery  tester  at  a  current  density  of 
200,  400,  800  and  1600  mA  g-1,  respectively,  between  0.05  and 
1.2  V.  For  the  purpose  comparison,  pristine  Si  and  Si/RGO  electrodes 
were  also  prepared  and  measured  under  the  same  conditions. 

2.5.  Characterization 

Fourier  transform  infrared  spectroscopy  (FTIR)  spectra  were 
obtained  with  a  Nicolet  Avatar  320  FTIR  spectrometer;  32  scans 
were  collected  at  a  spectral  resolution  of  1  cm-1.  The  samples  for 
FTIR  measurement  were  prepared  by  solution  deposition  on  salt 
plates.  The  X-ray  photoelectron  spectroscopy  (XPS)  measurements 
were  performed  with  ESCA  2000  (VG  Microtech)  using  a  mono- 
chromatized  Al  Ka  anode.  A  DuPont  Q100  thermo-gravimetric 
analyzer  (TGA)  was  utilized  to  investigate  the  thermal  stability  of 
the  membranes;  the  samples  ( ~  10  mg)  were  heated  from  ambient 
temperature  to  850  °C  under  a  nitrogen  (air)  atmosphere  at  a 
heating  rate  of  10  °C  min-1.  The  morphology  of  the  Si  nanoparticles 
and  the  graphene  sheets  in  the  composites  were  observed  using  a 
JEOL  JEM-1 200CX-II  transmission  electron  microscope  (TEM) 
operated  at  120  kV.  Scanning  electron  microscopy  (SEM)  images 
were  taken  with  a  Hitachi  S-4700  microscope  using  an  accelerating 
voltage  of  15  kV.  X-ray  diffraction  (XRD)  spectra  were  recorded 
on  powdered  samples  using  a  Rigaku  D/max-2500  type  X-ray 
diffraction  instrument. 

3.  Results  and  discussion 

3.1.  Characterization  of  Si-COOH  and  G-PIL 

The  complete  fabrication  of  Si/G  composite  includes  two 
modification  processes:  (1)  the  Si  nanoparticles  modified  with  4- 
aminobenzyl  acid  through  diazonium  chemistry  to  improve  the 
surface  negative  charge  and  facilitate  dispersion  in  water  (Si-COOH 
nanoparticles)  [Fig.  la];  and,  (2)  the  graphene  nanosheets  modified 
with  PIL,  as  in  our  previous  study,  to  change  the  surface  charge  from 
negative  to  positive  (G-PIL  nanosheets)  [30]  [Fig.  lb].  Moreover,  the 
polymer  structure  can  provide  sufficient  empty  space  surrounding 
Si  nanoparticles  after  thermal  process  to  accommodate  the  volume 
variation  of  Si  nanoparticles  during  Li  alloying  and  dealloying 
processes.  XPS,  TGA  and  FTIR  analysis  confirm  the  existence  of 
benzoyl  acid  and  the  PIL  on  the  surface  of  Si  nanoparticles  and 
graphene  nanosheets,  respectively.  The  C  1  s  XPS  spectrum  of  Si- 
COOH  (Fig.  2a)  clearly  indicates  a  considerable  number  of  benzoyl 
acid  groups  with  four  components  that  correspond  to  carbon  atoms 
in  different  functional  groups,  i.e.,  the  Si-C  (282.2  eV),  aromatic 
ring  (284.5  eV),  the  C  in  C-0  bonds  (286.5  eV)  and  the  carbonyl  C 
(C=0,  288.5  eV)  37].  For  G-PIL,  the  observation  of  C-N  of  C  Is  at 
286.6  eV,  N  Is  at  401.7  eV  and  Br  3d  at  67.4  eV  after  modification 
with  PIL  confirms  the  presence  of  characteristic  polymer  anions,  or 
cations,  in  the  modified  graphene  sheets  (Fig.  2b  and  d).  The  surface 
concentration  of  grafted  benzoyl  acid  groups  and  modified  PIL  were 
estimated  from  the  mass  loss  given  by  the  difference  in  char  yield 
values  between  pristine  Si  nanoparticles/Si-COOH  and  RGO/G-PIL: 
(Fig.  SI),  indicates  that  Si-COOH  and  G-PIL  contain  ~22%  and 
~26%  modified  materials,  respectively.  FTIR  spectroscopy  (Fig.  S3) 
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Fig.  2.  XPS  C  Is  spectra  of:  (a)  Si-COOH  and  (b)  G-PIL,  (c)  XPS  N  Is  and  (d)  XPS  Br  3d  of  G-PIL. 


gives  the  characteristic  absorption  of  functional  groups  and  organic 
molecules  on  the  Si— COOH  and  G-PIL.  After  modification  with 
benzoyl  acid  and  ionic  polymer,  the  appearance  of  new  bands, 
corresponding  to  the  imidazole  ring  (1187, 1584  cm-1)  for  G-PIL  and 
the  benzoyl  acid  (1624,  1210  cm-1)  for  Si— COOH  were  observed, 
indicating  successful  modification  and  the  formation  of  the  corre¬ 
sponding  benzoyl  acid  and  PIL  modified  Si  and  graphene, 
respectively. 

3.2.  Assembly  process 

To  survey  the  assembly  process,  we  carried  out  zeta  potential 
measurements.  The  results  show  the  zeta  potentials  of  Si-COOH 
nanoparticles  and  G-PIL  are  -43  mV  and  +29  mV,  respectively.  Si- 
COOH  and  G-PIL  were  separately  dispersed  in  water  under  soni- 
cation  with  concentrations  of  1  mg  mL-1.  Finally,  the  Si— COOH/G- 
PIL  composites  with  different  components  of  Si— COOH  and  G-PIL 
(Si-COOH/G-PIL  =  3/1,  2/1,  1/1,  1/2;  Table  1)  were  prepared  by 
slowly  dispersing  aqueous  G-PIL  into  the  aqueous  Si— COOH  to 
allow  the  formation,  through  electrostatic  attraction,  of  a  uniform 
assembly  comprising  positively  charged  G-PIL  and  negatively 
charged  Si-COOH  [Fig.  lc].  Fig.  3  shows  photographs  of  aqueous 
dispersion  of  the  Si— COOH,  G-PIL  and  Si— COOH/G-PIL.  Obviously, 
the  Si— COOH  and  G-PIL  sample  was  stabilized  in  the  water  (sample 
1  and  6).  However,  with  the  addition  of  G-PIL  in  aqueous  Si— COOH 
(sample  2),  the  Si— COOH  aqueous  became  unstable  and  precipi¬ 
tated  immediately.  This  phenomenon  indicated  that  the  G-PIL 
neutralized  the  charges  on  the  Si— COOH  particles.  However,  with 
more  G-PIL  loading,  the  remaining  Si— COOH  was  neutralized,  while 
residual  graphene-PIL  was  still  stabilized  in  the  water  (sample  5). 
After  freeze-drying,  the  Si-COOH/G-PIL  composites  were  further 
thermally  processed  at  500  °C  to  remove  organic  materials 
(including  ionic  polymer  and  benzoyl  acid  groups,  as  shown  in 


Fig.  SI)  between  Si  nanoparticles  and  graphene  nanosheets,  to 
leave  empty  spaces  [Fig.  Id].  It  is  worth  noting  that  the  empty  space 
surrounding  each  Si  nanoparticles  allows  for  the  free  expansion  of 
Si  without  mechanical  constraint  during  lithiation. 

3.3.  Morphological  analysis 

To  verify  the  morphology,  structure  and  composition  of  the 
resulting  Si/G  composites,  we  carried  out  SEM,  TEM  and  XRD 
analysis.  SEM  images  show  that  the  G-PIL  and  Si-COOH/G-PIL, 
without  thermal  processing,  are  micrometer-sized  composites 
with  rough  and  wrinkled  surfaces.  For  the  Si-COOH/G-PIL  com¬ 
posite  (Fig.  S4),  it  is  easy  to  see  that  the  Si  nanoparticles  are  well 
wrapped  by  graphene  sheets  to  form  a  bulge-like  structure,  as 
indicated  with  arrows.  To  examine  the  result  of  self-assembly,  with 
respect  to  the  inserted  Si  nanoparticles  in  the  graphene  sheets,  the 
Si/RGO  sample,  made  without  electrostatic  attraction  between  Si 
and  graphene,  was  used  as  a  control.  The  SEM  image  (Fig.  4a) 
shows  that  Si  particles  are  micrometer-sized  aggregates  (as 


(D  (2)  (3)  (4)  (5)  (6) 


IM. Ill 

Fig.  3.  Photograph  of  aqueous  Si-COOH,  G-PIL  and  Si-COOH/G-PIL.  (1)  Si-COOH,  Si- 
COOH/G-PIL  -  (2)  3/1,  (3)  2/1,  (4)  1/1,  (5)  1/2  and  (6)  G-PIL. 
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indicated  with  cycles)  in  the  Si/RGO  3/2  composite  after  thermal 
reduction  at  500  °C,  which  may  result  from  high  temperature 
thermal  reduction  leading  to  the  agglomeration  of  Si  nanoparticles 
[32].  In  contrast,  Si  nanoparticles  are  inserted  uniformly  into  gra¬ 
phene  layers  by  self-assembly  even  after  thermal  processing.  TEM 
images  (Fig.  5)  reveal  that  the  micrometer-sized  aggregates  are 
made  from  Si  nanoparticles  and  graphene  sheets.  The  Si  nano¬ 
particles  were  relatively  small  and  distributed  more  evenly  in  the 
Si/G  composites  than  were  the  Si  nanoparticles  in  the  Si/RGO 
composites.  The  XRD  pattern  provides  further  evidence  of  the 
morphology  of  the  Si  nanoparticles  inserted  into  graphene  layers, 
see  Fig.  S5.  The  characterized  peaks  of  Si  [28.5°  (111),  47.4°  (220) 
and  56.1°  (311)]  for  all  Si/G  composites  are  the  same  as  those  of 
pristine  Si  nanoparticles,  implying  that  the  silicon  crystals  in  the  Si/ 
G  composites  are  not  destroyed  during  the  thermal  process.  In  the 
XRD  pattern  of  the  G  sample  obtained  by  the  same  procedure  for 
Si/G,  the  characteristic  peak  appears  at  25.7°,  corresponding  to  a 
layer-to-layer  distance  (d-spacing)  of  0.346  nm,  which  is  close  to 
the  d-spacing  (ca.  0.335  nm)  of  natural  graphite.  Inserted  Si 
nanoparticles  into  graphene  layers  extended  the  range  of  the  broad 
peak  to  the  low-angle  position,  due  to  an  increase  in  d-spacing 
between  the  graphene  sheets.  Although  the  interface  space  can  be 
increased  by  inserting  Si  nanoparticles  in  the  graphene  sheets, 
contact  between  neighboring  graphene  sheets  is  unavoidable  in 
the  absence  of  sufficient  electrostatic  repulsion  leading  to  gra¬ 
phene  aggregation  during  the  drying  process  [31  ]. 


Fig.  4.  SEM  images  of:  (a)  Si/RGO  3/2  and  (b)  Si/G  3/1  composites. 


3.4.  Thermal  properties  and  pore  size  analysis 

The  Si  content  of  the  Si/G  composites  can  be  calculated  from 
Equation  (1)  and  shows  that  the  Si  content  in  the  four  composites 
varies  from  24.3  wt%  to  67.3  wt%,  indicating  a  good  correlation 
between  the  feeding  ratio  and  calculated  ratio.  And  the  control 
sample  Si/RGO  3/2  are  calculated  to  be  64.6  wt%,  which  was  similar 
to  the  Si  content  of  Si/G  2/1  composite.  In  addition,  the  thermal 
decomposition  temperature  of  RGO  was  increased  with  increasing 
Si  nanoparticles  loading,  which  strongly  suggests  the  thermal  sta¬ 
ble  Si  nanoparticles  were  well  dispersed,  thereby  improving  the  Si/ 
G  composite  stability.  To  understand  the  specific  surface  area  and 
pore  size  distribution  of  the  Si/G  composite,  Brunauer-Emmett- 
Teller  (BET)  N2  adsorption-desorption  analysis  was  performed. 
Fig.  S6a  and  S6b  show  nitrogen  isotherm  adsorption— desorption 
curves  and  the  pore  size  distributions  of  Si/G  3/1  composite.  A  BET 
surface  area  of  140  m2  g-1  was  measured  for  the  Si/G  3/1  composite 
which  was  similar  to  previous  result  [39].  The  nitrogen  adorption- 
desorption  isotherm  represents  a  typical  IV-type  isotherm  with  an 
associated  H3  type  hysteresis  loop,  indicating  the  mesoporous 
structure  of  the  Si/G  composite,  which  is  confirmed  by  the  Barrett— 
Joyner-Halenda  (BJH)  pore-size  distribution  (mesopores  of  about 
3.5-12.1  nm  in  diameter).  These  results  suggested  that  the  Si/G 
composites  are  composed  of  Si  nanoparticles  and  graphene,  where 
the  Si  nanoparticles  inserted  into  graphene  sheets  and  the  nano¬ 
space  exists  between  the  Si  nanoparticles  and  graphene  sheets.  The 
empty  space  surrounding  each  Si  nanoparticle  is  a  prerequisite  for 
superior  lithium  storage  because  it  facilitates  the  conduction  of 
electrons  and  the  diffusion  of  lithium  ions  while  providing  an 
elastic  buffer  to  accommodate  the  volume  variation  of  Si  nano¬ 
particles  during  Li  alloying  and  dealloying  processes. 

3.5.  Electrochemical  analysis 

The  electrochemical  performance  of  the  Si/G  composite  was 
investigated  by  cyclic  voltammetry  (CV)  and  galvanostatic  dis¬ 
charging-charging  measurement.  Fig.  6a  shows  typical  CV  curves 
of  the  Si/graphene  composite  in  the  potential  window  of  0.05-1  V 
at  a  scan  rate  of  0.1  mV  s-1  of  the  first  five  cycles.  In  the  first  cycle  a 
broad  cathodic  peak  appeared  at  0.8  V  resulting  from  the  formation 
of  solid  electrolyte  interphase  (SEI),  which  led  to  an  initial  irre¬ 
versible  capacity  [38].  The  cathodic  part  of  the  second  cycle  dis¬ 
played  two  peaks  at  0.05  and  0.2  V,  which  were  attributed  to  the 
formation  of  Li-Si  alloys.  These  results  are  consistent  with  the  data 
previously  reported  in  the  literature  for  Si/graphene  electrodes 
[39-41]. 

Fig.  6b  displays  the  discharge-charge  voltage  profiles  of  the 
pristine  Si  particles,  Si/RGO  and  Si/G  composites  cycled  at  a  current 
density  of  200  mA  g-1,  between  voltage  limits  of  0.05-1.2  V  vs.  Li+/ 
Li.  The  Si  anode  exhibits  the  highest  reversible  capacity  of 
2031  mAh  g-1  and  a  Coulombic  efficiency  (CE)  of  77%.  For  all  of  the 
three  Si/G  composites,  both  the  reversible  capacity  and  CE  dropped 
with  an  increasing  graphene  content  (Fig.  6b  and  Fig.  S7),  this  may 
result  from  an  increase  in  the  irreversible  reaction  between  the 
graphene  with  its  high  surface  area  and  the  electrolyte.  After  the 
first  cycle,  the  CE  increased  and  stabilized  at  98%— 100%  in  subse¬ 
quent  cycles.  For  comparison,  bare  Si  nanoparticles  and  the  Si/RGO 
3/2  control  sample  (containing  64.6  wt%  Si)  were  also  tested  for 
lithium-ion  batteries.  It  is  noteworthy  that  the  capacity  of  Si  in  the 
Si/RGO  3/2  composite  is  much  higher  that  of  Si  in  Si/G  3/1  for  the 
first  few  cycles.  The  XPS  spectrum  of  Si  after  chemical  and  heat 
treatment  (Fig.  S8)  clearly  indicates  some  changes  occurring  on  the 
surface  after  a  series  of  chemical  and  heat  treatments.  Silicon  oxide 
growth  on  the  Si  surface  was  confirmed  with  an  increase  in  the 
chemical  shift  component  in  the  Si  2p  core-level  spectra  at  around 
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Fig.  5.  TEM  images  of  Si/RGO  and  Si/G  composites:  (a),  (b)  Si/RGO  =  3/2;  (c),  (d)  Si/G  =  3/1. 


104.5  eV.  Moreover,  a  signal  due  to  oxygen  was  observed  at 
534.7  eV  (0  Is)  and  assigned  to  adventitiously  adsorbed  hydro¬ 
carbons  having  oxygen  bonded  to  carbon  (285.5  eV)  as  shown  after 
heat  treatment.  It  is  reasonable  to  assume  that  these  adventitious 
hydrocarbons  could  stem  from  the  residual  material’s  benzoyl  acid 
groups,  and/or  carbonaceous  materials  present  in  the  laboratory 
environment.  These  residual  materials  and  silicon  oxide  on  the  Si 
surface  reduced  electrical  conductivity  for  the  Si/G  composites  and 
may  potentially  adversely  affect  the  performance  of  Si  particles, 
resulting  in  the  specific  capacity  of  Si  in  Si/G  composites  remaining 
lower  than  1600  mAh  g-1  for  the  first  few  cycles. 

Under  charge/discharge  condition,  fast  capacity  fading  for  an¬ 
odes  made  from  bare  Si  nanoparticles  was  observed  and  <21%  of 
the  initial  capacity  remained  after  40  cycles  (Fig.  6c).  By  introducing 
graphene  nanosheets  into  nanoparticles  without  a  self-assembled 
technique  (Si/RGO  3/2  composite),  the  cycling  stability  showed 
minimal  improvements  and  more  than  half  of  its  initial  capacity 
was  lost  in  40  cycles.  All  the  Si/G  composites  showed  much  better 
cycling  performance  than  the  bare  Si  nanoparticle  and  Si/RGO  3/2 
composite,  which  had  only  a  slight  capacity  decay  before  40  cycles. 
Moreover,  we  note  that  the  Si/G  3/1  composite  shows  increasing  in 
the  initial  12  cycles  (Fig.  6c),  which  is  also  confirmed  by  CV  mea¬ 
surement  (Fig.  6a).  This  phenomenon  may  be  associated  with  a 
special  activation  process  of  Si  anode.  Since  the  Li-Si  alloying/ 
dealloying  process  results  in  significant  internal  structural  changes 
for  the  Si  anode,  the  reconstruction  of  crystal  structure  near  the  Si 


surface  cause  the  activation  phenomenon  [42,43].  For  capacity 
retention  properties,  no  obvious  change  in  charge/discharge  profile 
was  found  in  the  Si/G  3/1  composite  after  50  cycles  (capacity 
retention:  >95%)  and  <0.25%  capacity  decreasing  per  cycle  before 
150  cycles  with  the  reversible  capacity  still  as  high  as  803  mAh  g-1 
in  the  100th  cycle,  which  is  more  than  2  times  higher  than  that  of 
the  theoretical  specific  capacity  of  a  traditional  graphite  anode 
(LiC6,  370  mAh  g-1)  (Fig.  7). 

The  RGO  anode  displays  a  capacity  1258  mAh  g1  and 
255  mAh  g-1  for  the  first  charge-discharge  cycle  respectively  with 
the  reversible  capacity  of  only  20.3%.  The  cell  performance  of  the 
graphene  in  the  Si/graphene  composites  are  similar  as  previously 
reported  in  literature.  The  Si  contribution  from  Si/RGO  or  Si/G 
composites  can  be  calculated  by  following  Equation  and  the  results 
was  shown  in  Fig.  6d  [33]. 

Csi  =  [Cc-CGx(l-Xsi)]/Xsi 

where  Csi,  Cc  and  Cg  is  the  specific  capacity  of  calculated  pure  Si,  Si/ 
G  composite,  and  RGO,  respectively.  Xsi  is  the  content  of  Si  in  the  Si/ 
RGO  or  Si/G  composites  (Table  1).  It  can  be  seen  that  the  Si/G 
composites  shown  great  enhancement  of  the  capacity  retention  as 
compared  with  bare  Si  nanoparticle  and  Si/RGO  3/2  composite, 
based  on  the  calculated  contribution  of  the  pure  Si.  This  result 
indicated  that  well  dispersed  Si  nanoparticles  are  electrically  con¬ 
nected  with  the  graphene  so  that  all  the  Si  nanoparticles  will 
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Fig.  6.  (a)  Cyclic  voltammetry  profiles  of  the  Si/G  3/1  composites  and  (b)  galvanostatic  discharge-charge  curves  for  bare  Si  nanoparticle  and  Si/G  composites.  Cycling  performance 
of  Si  nanoparticle,  RGO,  Si/RGO  and  Si/G  composite  anodes.  The  capacity  is  calculated  on  the  weight  of  composite  (c)  and  Si  (d),  respectively.  The  current  density  is  200  mA  g_1. 


contributed  to  the  capacity  and  the  ability  of  charge  transfer  can  be 
enhanced  [44]. 

Moreover,  Fig.  8  shows  a  significantly  improved  property  of  the 
Si/G  3/1  composite  to  be  their  rate  capability.  As  the  current  den¬ 
sities  increases  from  200  to  800  and  1600  mA  g_1,  the  Si/G  3/1 
composite  displays  reversible  and  stable  capacities  of  1100,  870, 
and  735  mAh  g-1.  Finally,  electrochemical  impedance  spectroscopy 
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Fig.  7.  Capacity  retention  of  the  Si  nanoparticle,  Si/RGO  and  Si/G  composites. 
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(EIS)  measurements  of  the  samples,  after  being  used  for  40  cycles, 
clearly  indicated  enhanced  electrical  conductivity  and  reduced  SEI 
formation  for  the  Si/G  3/1  composites  compared  to  the  Si/RGO  3/2 
composites  (Fig.  S9).  This  result  indicated  that  Si/G  composite 
prepared  by  the  self-assembly  approach  can  provide  better  sepa¬ 
ration,  thus  preventing  the  agglomeration  of  Si  nanoparticles  than 
is  the  case  with  a  simple  mixture  of  graphene  and  Si  nanoparticles. 

The  resulting  Si/G  (Si/G  3/1)  composite  delivers  a  reversible 
capacity  of  987  mAh  g-1  and  803  mAh  g_1  in  the  50th  and  100th 
cycle,  respectively,  which  is  comparable  with  or  better  than  in 
previous  reports,  such  as  those  on  Si/RGO  composite  prepared  by 
thermally  reduced  mixture  simply  comprising  GO  and  Si  nano¬ 
particles  (~750  mAh  g-1,  30  cycles)  [32],  Si/G  composite  prepared 
by  simply  mixing  of  Si  nanoparticles  and  graphene 
( ~  1200  mAh  g-1,  30  cycles  [33];  977  mAh  g-1,  30  cycles  [45]),  Si/G 
composite  prepared  by  covalent  binding  approach  (828  mAh  g-1, 
50  cycles)  [40]  and  a  3D  porous  architecture  of  Si/G  composite 
(1000  mAh  g-1,  30  cycles)  [46].  The  excellent  cyclability  and  rate 
capability  of  the  Si/G  electrodes  is  believed  to  originate  from  the 
following:  (I)  the  high  electrical  conductivity  and  high  surface  area 
of  graphene  sheets  facilitating  electron  transport  though  the  un¬ 
derlying  graphene  sheets  to  the  Si  nanoparticles  and  the  pene¬ 
tration  of  the  electrolyte  to  the  Si  nanoparticles,  (II)  the  buffer 
effect  on  the  volume  change  (deformation  pressure  from  Li— Si 
alloy  and  dealloy  process)  comes  from  large  amount  of  void  spaces 
provided  by  the  Si/G  composite  with  nanoporous  structure,  and 
(III)  most  importantly,  the  self-assembly  technique  ensures  a 
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homogeneous  dispersion  of  Si  nanoparticles  on  the  graphene 
sheets  and  an  increased  contribution  of  Si  nanoparticles  towards 
capacity.  This  means  Si  particle  self-aggregation  is  reduced,  thus 
providing  a  potential  benefit  for  the  stable  electrochemical  cycling 
of  materials. 

4.  Conclusions 

We  have  developed  a  novel  method  for  the  preparation  of  Si 
nanoparticles  intercalated  in  graphene  sheets  by  combining  a  self- 
assembly  technique  and  a  thermal  process.  The  presence  of  non- 
covalent  linkages  prevents  the  aggregation  of  Si  nanoparticles 
and  guarantees  that  Si  nanoparticles  are  uniformly  inserted  into 
graphene  layers.  The  mesoporous  structure  of  the  Si/G  composite 
allows  for  the  free  expansion  and  contraction  of  Si  nanoparticles 
during  lithiation  and  delithiation  without  mechanical  constraint  or 
tension  being  imposed.  Combining  these  advantages  in  Si/G  com¬ 
posites,  the  resulting  composites  exhibit  both  a  remarkably 
improved  cycling  performance  and  rate  performance  in  compari¬ 
son  with  bare  Si  nanoparticles  and  Si/RGO.  At  a  current  density  of 
200  mA  g-1,  the  Si/G  electrodes  delivered  a  capacity  of  803  mAh  g-1 
in  100  cycles  and  <0.25%  capacity  decreasing  per  cycle  before  150 
cycles.  The  electrode  still  exhibited  a  reversible  capacity  of 
748  mAh  g-1  in  the  40th  cycle  at  a  rate  of  1600  mA  g-1.  We  believed 
this  technique  can  be  applied  to  other  carbon  conductive  additives 
together  with  Si  or  other  nanosized  active  compounds. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2013.08.048. 
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